Huang Q, Babu GJ, Periasamy M, Eddinger TJ. SMB myosin heavy chain knockout enhances tonic contraction and reduces the rate of force generation in ileum and stomach antrum. Am J Physiol Cell Physiol 304: C194 -C206, 2013. First published November 7, 2012 doi:10.1152/ajpcell.00280.2012.-The role of SMA and SMB smooth muscle myosin heavy chain (MHC) isoforms in tonic and phasic contractions was studied in phasic (longitudinal ileum and stomach circular antrum) and tonic (stomach circular fundus) smooth muscle tissues of SMB knockout mice. Knocking out the SMB MHC gene eliminated SMB MHC protein expression and resulted in upregulation of the SMA MHC protein without altering the total MHC protein level. Switching from SMB to SMA MHC protein expression decreased the rate of the force transient and increased the sustained tonic force in SMB (Ϫ/Ϫ) ileum and antrum with high potassium (KPSS) but not with carbachol (CCh) stimulation. The increased tonic contraction under the depolarized condition was not through changes in second messenger signaling pathways (PKC/CPI-17 or Rho/ROCK signaling pathway) or LC20 phosphorylation. Biochemical analyses showed that the expression of contractile regulatory proteins (MLCK, MLCP, PKC␦, and CPI-17) did not change significantly in tissues tested except for PKC␣ protein expression being significantly decreased in the SMB (Ϫ/Ϫ) antrum. However, specifically activating PKC␣ with phorbol dibutyrate (PDBu) was not significantly different in knockout and wild-type tissues, with total force being a fraction of the force generation with KPSS or CCh stimulation in SMB (Ϫ/Ϫ) ileum and antrum. Taken together, these data show removing the SMB MHC protein expression with a compensatory increase in the SMA MHC protein results in enhanced sustained KPSS-induced tonic contraction with a reduced rate of force generation in these phasic tissues. smooth muscle; tonic contraction; phasic contraction; second messenger pathways; myosin; SMA; SMB THE CONTRACTILE PROPERTIES of smooth muscle are broadly classified as tonic and phasic. Upon stimulation, tonic smooth muscle is able to maintain a sustained elevated force whereas phasic smooth muscle exhibits a transient rapid force generation followed by a decrease in force to an intermediate level (55 ] i , LC 20 phosphorylation, and V max has been referred to as the "latch state" (7, 50). The mechanism underlying the latch state is unknown. Several regulatory mechanisms have been hypothesized including altered kinetics of phosphorylated vs. dephosphorylated myosin cross bridges (7, 21), cytoskeletal remodeling (19, 26, 35, 41, 45) , calponin-or caldesmon-dependent actin-to-myosin crosslinks (57, 59), second messenger pathway regulation of MLCK/MLCP activity (24, 28, 47, 48, 53, 63) , and the kinetic properties of actomyosin ATPase of different myosin isoforms [nonmuscle (NM) and smooth muscle (SM) myosin II isoforms; Refs. 16, 32, 33, [37] [38] [39] 42, 51, 65] . The kinetic properties of the actomyosin ATPase from different myosin isoforms in smooth muscle are of particular interest because of the reported capability of myosin II isoforms with slower ATPase activity [NM vs. SM myosin heavy chain (MHC) and SMA vs. SMB MHC] to maintain force, and the preferential expression of SMA vs. SMB SM MHC isoforms in tonic and phasic smooth muscle, respectively (10, 11). In addition, the expression of SM and NM myosin is developmentally regulated and tissue specific (11-13, 46, 61). For NM MHC, in the adult wild-type mouse bladder where the expression of NM myosin decreases to little or none, the tonic contraction continues to be present. In adult rabbit tissues where the expression of NM myosin is undetectable, the tonic contractions are still present (10, 20, 23) . Thus the NM myosin isoforms may not be the major regulator for tonic contractions in adult animals.
THE CONTRACTILE PROPERTIES of smooth muscle are broadly classified as tonic and phasic. Upon stimulation, tonic smooth muscle is able to maintain a sustained elevated force whereas phasic smooth muscle exhibits a transient rapid force generation followed by a decrease in force to an intermediate level (55) . The differences between tonic and phasic contractile patterns cannot be explained by the time course of intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) or LC 20 phosphorylation upon stimulation. In both phasic and tonic smooth muscles, the [Ca 2ϩ ] i and LC 20 phosphorylation increase rapidly upon stimulation followed by a decrease to an intermediate steady state (7, 50) . Similarly in both tissue types, maximal shortening velocity (V max ) rapidly increases to the maximal value upon stimulation and then decreases to an intermediate level. In phasic smooth muscle, force generation patterns follow the [Ca 2ϩ ] i and level of LC 20 phosphorylation. However, in tonic smooth muscle, after initial force activation, despite decreases in [Ca 2ϩ ] i and LC 20 phosphorylation to intermediate levels, force can be maintained at a sustained high level. This force maintenance with low [Ca 2ϩ ] i , LC 20 phosphorylation, and V max has been referred to as the "latch state" (7, 50) . The mechanism underlying the latch state is unknown. Several regulatory mechanisms have been hypothesized including altered kinetics of phosphorylated vs. dephosphorylated myosin cross bridges (7, 21) , cytoskeletal remodeling (19, 26, 35, 41, 45) , calponin-or caldesmon-dependent actin-to-myosin crosslinks (57, 59) , second messenger pathway regulation of MLCK/MLCP activity (24, 28, 47, 48, 53, 63) , and the kinetic properties of actomyosin ATPase of different myosin isoforms [nonmuscle (NM) and smooth muscle (SM) myosin II isoforms; Refs. 16, 32, 33, 37-39, 42, 51, 65] . The kinetic properties of the actomyosin ATPase from different myosin isoforms in smooth muscle are of particular interest because of the reported capability of myosin II isoforms with slower ATPase activity [NM vs. SM myosin heavy chain (MHC) and SMA vs. SMB MHC] to maintain force, and the preferential expression of SMA vs. SMB SM MHC isoforms in tonic and phasic smooth muscle, respectively (10, 11) . In addition, the expression of SM and NM myosin is developmentally regulated and tissue specific (11-13, 46, 61) . For NM MHC, in the adult wild-type mouse bladder where the expression of NM myosin decreases to little or none, the tonic contraction continues to be present. In adult rabbit tissues where the expression of NM myosin is undetectable, the tonic contractions are still present (10, 20, 23) . Thus the NM myosin isoforms may not be the major regulator for tonic contractions in adult animals.
The SMA and SMB MHC isoforms are the result of alternative splicing from the same myosin gene. The differences between SMA and SMB MHC are located in the S1 head region of SM MHC where the SMB isoform has an additional seven [QGPSFAY(mouse and rat)] amino acids compared with SMA (1, 22, 31) . The seven amino-acid insertion in the S1 head of SMB MHC makes ATPase activity approximately twofold greater than SMA, which is consistent with the more rapid force transient (31) . The slower ATPase activity of SMA MHC is also consistent with the kinetics of tonic contraction with a five times higher MgADP affinity and a three times lower second-order rate constant for MgATP than SMB (7, 56) . Furthermore, SMA and SMB MHC isoforms are preferentially expressed in tonic and phasic tissues, respectively (9), even within a single organ (in the rabbit stomach, ϳ90% of phasic antrum SM MHC mRNA is the SMB isoform, and ϳ90% of tonic fundus SM MHC mRNA is the SMA isoform) (11) . Thus it seems reasonable to hypothesize the existence of physiological relevance of SMA and SMB MHC to tonic and phasic contractile patterns in corresponding smooth muscle tissues.
In an effort to investigate SM MHC function, multiple research articles have been published based on a SMB knockout mouse model (3) . SMB MHC knockout bladder and trachea tissues produce significantly less force and have a slower shortening velocity than wild-type controls (3, 60) . Studies from the same group (3) but using different tissues (aorta and mesenteric vessels) demonstrate that the SMB knockout tissues produce significantly more force than wild-type tissues with decreased shortening velocity compared with wild-type controls (4). However, since SMB MHC protein expression is negligible in wild-type large arterial tissue such as the aorta, the SMB knockout in this tissue does not result in any significant SMA/B MHC protein expression shift. It was concluded that the decreased contractility in the SMB MHC knockout bladder is due to the increased expression of the thin filament regulatory proteins calponin and caldesmon, and activation of MAPK (2, 4) . Studies using h1-calponin and SMB MHC double knockout mice suggest that upregulation of h1-calponin may contribute to the decreased force production in SMB knockout bladder and mesenteric vessels but is confounded by the significantly reduced smooth muscle ␣-actin levels in SMB (Ϫ/Ϫ) tissues (2) . Results from Patzak et al. (44) using the same animal model report that there is no correlation between SMB MHC protein expression and the rate of force generation in perfused afferent and efferent renal arterioles. Hypolite et al. (27) reported that compared with the wild type the loss of SMB MHC protein in detrusor smooth muscle increases contraction force due to the upregulation of PKC-mediated signaling pathway. In spite of the studies on smooth muscle tissue function using this SMB MHC knockout mouse model, it remains unclear if and how SMA/B MHC protein expression relates to phasic and tonic muscle mechanics. The focus of the above studies using the SMB MHC knockout mouse model was primarily on the role of SMA/B MHC isoforms in maximal force generation and shortening velocity of smooth muscle tissues. They did not investigate the relationship between SMA/B MHC protein isoforms and sustained force maintenance in tonic contraction, which are the major characteristics distinguishing tonic from phasic contractions. Thus the question of the contractile patterns (tonic and phasic) and their relationship with SMA/B MHC protein isoform expression remains to be addressed. The SMB MHC knockout mouse is a good model to examine this question.
The objective of this study was to test the hypothesis that the expression of SMA and SMB SM MHC protein determines the extent of the tonic or phasic contraction in smooth muscle. Our results show that switching from SMB to SMA MHC protein isoform expression significantly decreases the rate of the force transient. Sustained tonic force is significantly increased in phasic tissues (ileum and stomach antrum) but remains unaltered in tonic tissue (stomach fundus) of SMB (Ϫ/Ϫ) mice. In addition, our data show that the increased tonic contraction in SMB (Ϫ/Ϫ) ileum and antrum are not through changes in LC 20 phosphorylation levels or through changes in the established regulatory pathways (PKC/CPI-17 or Rho/ROCK signaling pathway). These data together suggest that SMA MHC is involved in regulating the level of tonic contraction and is unable to generate the rapid force transient that can occur with SMB MHC expression.
METHODS
Animals. B6/129 wild-type and SMB (Ϫ/Ϫ) mice (3) 22-25 wk old were used for all experiments according to the appropriate animal guidelines and welfare regulations as approved by the Marquette University Institutional Animal Care and Use Committee. Heterozygous SMB MHC knockout mice (3) were bred, and homozygous wild-type and knockout offspring were identified for use in the study by long distance PCR using primer sets specific for the wild-type and knockout allele (3) .
Tissue handling. Mice were euthanized by carbon dioxide (CO 2). Stomach tissues (fundus, antrum) and ileum were isolated; cleaned of blood, adipose, and chyme; and kept in physiological salt solution [PSS: 4.7 mM KCl, 140 mM NaCl, 1.2 mM Na 2HPO4, 2.0 mM 3-(N-morpholine) propanesulfonic acid (MOPS), 0.02 mM EDTA, 1.2 mM MgSO4, 1.6 mM CaCl2, and 5.6 mM glucose pH 7.4 at 37°C] at 4°C until processed (no more than 24 h).
Tissue histology. Eight-micrometer-thick frozen tissue sections (Leica CM1900) picked up on glass slides were thawed at room temperature and stained with hematoxylin and eosin (9, 34) to examine general morphology. Wall thickness of ileum, antrum, and fundus was measured based on the average of three measurements from four representative cross sections using a ϫ40 objective for ileum and fundus and ϫ10 objective for antrum (Olympus IX70) and IPLab software (Scanalytics, Fairfax, VA). 20 , and phosphorylated LC20, gels were equilibrated for 30 min in myosin light chain transfer buffer (10 mM N-cyclohexyl-3-aminopropanesulfonic acid pH 11 and 10% methanol) and then transferred to nitrocellulose at 220 mA for 3 h at 4°C. Membranes were blocked with 5% nonfat dry milk in Tris buffered-saline containing Tween 20 (TBST: 20 mM Tris·HCl pH 7.5, 137 mM NaCl, 3 mM KCl, and 0.05% Tween 20) for 1 h at room temperature and then incubated with primary antibodies in 1% nonfat dry milk TBST for 4 h at the following concentrations PKC␣ at 1:500; PKC␦ at 1:200; MYPT1 at 1:500; LC 20 at 1:250; MLCK at 1:500; and CPI-17 at 1:200. All primary antibodies above were purchased from Santa Cruz biotechnology (Santa Cruz, CA). Other antibodies were used at the following concentrations: SMA or SMB MHC antibodies (9) at 1:1,000; total MHC (SM ϩ NM MHC) at 1:2,000, NM myosin at 1:500 (BTI biomedical Technologies, Stoughton, MA); phosphorylated LC 20 at Ser19 (Millipore, Temecula, CA) at 1:1,000; and ␤-actin (Sigma, St Louis, MO) at 1:1,000. Membranes were washed in TBST three times for 5 min each and then incubated in the secondary antibodies, goat anti-rabbit, or goat anti-mouse IgG-horseradish peroxidase (1:10,000 dilution in 1% nonfat dry milk TBST; Jackson ImmunoResearch Laboratories, West Grove, PA) or donkey anti-goat IgG-horseradish peroxidase (1:5,000 dilution in 1% nonfat dry milk TBST; R&D Systems, Minneapolis, MN) for 2 h. The membranes were washed again three times for 5 min each in TBST. Chromomeric substrate-3.3=-diaminobenzidine (DAB) was used to detect proteins. The protein bands on the membranes were scanned using an EPSON expression 1600 scanner and quantified by densitometric analysis using the software Image J (http://rsbweb.nih.gov/ij/). The densitometric protein expression values for a particular protein from the SMB (ϩ/ϩ) or SMB (Ϫ/Ϫ) tissues were calculated as a percentage of the total densitometer readings from the two tissues [SMB (ϩ/ϩ) ϩ SMB (Ϫ/Ϫ) ] and then normalized to ␤-actin (which was also calculated as a percentage of the total protein from the two tissues). Thus the densitometric values reported are percentages of total protein normalized to ␤-actin loading for the corresponding SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) tissues. This allows differences in protein expression to be detected but does not allow for the actual level of protein expression to be determined (and thus the numbers reported correspond with the relative expression and not absolute band intensity). To minimize variability, tissue samples from a single animal were run in triplicate. Densitometric results of the three runs were averaged, and used as a n ϭ 1 for Western blot analysis.
SDS-PAGE and
LC 20 phosphorylation measurements. A rapid freeze method was used to preserve the phosphorylation status of LC 20 (8) . Tissue strips (ϳ3 ϫ 7 mm) were incubated in PSS with 1 M phentolamine and 1 M propranolol for 1 h and activated with high potassium containing physiological saline solution (KPSS). Tissue strips were immediately frozen in dry ice-acetone bath (Ϫ78°C) before KPSS stimulation or at 5 s, 1 min, and 10 min time points after KPSS stimulation. The frozen tissue strips were stored overnight at Ϫ78°C and then removed from the freezer and allowed to gradually reach room temperature in acetone. The dry weights of the tissue strips were measured after the acetone was thoroughly evaporated. The wet weights of tissue strips were estimated to be fivefold greater than the dry weight (water accounted for 80% of the cell weight; Ref. 21) . Dried tissue strips (10 mg/ml) were homogenized with sample buffer at 4°C to obtain tissue samples and were boiled at 100°C for 5 min and centrifuged at 13,000 rpm for 10 min. The supernatant was collected and loaded onto 15% SDS-PAGE at 15 l per lane (based on protein loading curves showing linearity of signal above and below this level) for protein separation. The separated proteins were trans blotted to a 0.2-m nitrocellulose membrane, where Ser19 phosphorylated LC20 and LC20 were detected with specific antibodies (see Western blot). The ratio of LC20 phosphorylation between the SMB (ϩ/ϩ) or SMB (Ϫ/Ϫ) tissues was normalized to ␤-actin and reported as a ratio normalized to LC20 content for comparison. This allows for determining changes in LC20 phosphorylation levels but not the actual LC20 phosphorylation level itself.
Force measurement. The mucosa and connective tissues were dissected away from underlying smooth muscle tissues (fundus and antrum; Ref. 8) . Circular fundus and antrum or longitudinal ileum tissues were cut into strips, which were held at each end by tissue clips (Harvard Apparatus, Holliston, MA) and mounted via two hooks to an isometric force transducer (Harvard Apparatus) and a stationary post for tension measurements. Force signals were processed by an analog to digital converter (PowerLab/8SP; ADInstruments, Sydney, Australia) and analyzed using Chart5 software (ADInstruments) on a personal computer. The strip sizes between the two clips were ϳ3 mm in width and 7 mm in length. The mounted tissues were bathed in water-jacketed glass chambers (Radnoti Glass Technology, Monrovia, CA) and aerated with 95% O2-5% CO2 at 37°C throughout the experiment, which was maintained by an immersion circulator (VWR, West Chester, PA). The mounted tissues were equilibrated in PSS for 1 h at 37°C before the start of the experiment. By adjusting strip length, a 0.9-g preloaded force was applied. Tissue strips were contracted using KPSS (109.65 mM KCl, 1.2 mM Na2HPO4, 2.0 mM MOPS, 0.02 mM EDTA, 1.2 mM MgSO4, 5.6 mM glucose, 1.6 mM CaCl2, and 35.1 mM NaCl pH 7.4 at 37°C) for three contraction and relaxation cycles. All subsequent solutions included 1M phentolamine and 1 M propranolol to eliminate potential effects of adrenergic neurotransmitter activity. Force traces were recorded in response to KPSS or 5 M CCh for at least 10 min [1 M phorbol dibutyrate (PDBu) contractions for 30 min] followed by relaxation via three PSS washes to allow a return of force to baseline. For inhibition of second messenger pathways, tissue strips were incubated in PSS with inhibitors (PKC␣ inhibitors: 1 M Gö 6976 or GF 109203X; and ROCK inhibitors: 10 M Y27632 or 0.1 M H1152; EMD Millipore) for 30 min and then stimulated in KPSS with the inhibitor for a minimum of 10 min followed by three PSS washes for 30 min to completely remove inhibitors. At the end of the experiments, KPSS was applied a final time to test tissue viability. Stress was calculated according to Herlihy et al. (25) . Briefly, wet weight and strip length between the tissue clips were measured for each strip. The force produced per cross-sectional area (stress) was calculated as
Analysis of tonic component of contraction. The area under the active force curve (total force minus passive force) and the ratios of submaximal forces at the 10-min time point relative to the peak force (force at 10 min/peak force) from the same active force trace were measured to quantitatively compare the tonic contractile component produced by the tissues. To standardize the comparison, the force values for a specific agonist were normalized to the peak force values for KPSS contractions for that tissue in both the wild-type and SMB (Ϫ/Ϫ) animals. The normalized active force trace from the peak force to 10-min force (force at 10 min after peak force) was selected, and the area under that part of the trace was calculated by summing up all the force values over the time (integral calculation).
Analysis of force transient. Time to peak tension (from force initiation to peak force), the area under the active force curve (from force initiation to peak force), and the slope of the rapid force transient (steepest slope during initial force generation, dp/dt) were measured to quantitatively compare the initial fast force transient induced by KPSS or CCh. The area under the curve was calculated by summing up all the force values over the time (min) (integral calculation).
Reagents. Gö 6976, GF 109203X, Y27632, H1152, and PDBu were from EMD Millipore (Billerica, MA), and all other chemicals were from Sigma (St Louis, MO).
Statistics. For comparison of KPSS-, CCh-, or PDBu-stimulated contractile force, force transient, protein expression, LC 20 phosphorylation levels, and smooth muscle wall thickness between wild-type and SMB (Ϫ/Ϫ) tissues, data were examined for significant differences using a two-tailed Student's t-test with equal variance. Data were considered significant at P Ͻ 0.05. For comparison of tonic contractile force with or without inhibitors in SMB (Ϫ/Ϫ) tissues, one-way ANOVA was used. Significance was also set at a P Ͻ 0.05. Statistical analyses and curve fitting were performed using Excel 2007 (Microsoft).
RESULTS

Expression of SMB, SMA, NM, and total MHC. Deletion of
exon 5B results in the absence of SMB MHC protein expression in the ileum and antrum while the SMA MHC protein expression is significantly increased in the SMB (Ϫ/Ϫ) ileum and antrum tissues compared with SMB (ϩ/ϩ) ( Fig. 1) . Because the SMB MHC is expressed at very low/undetectable levels in the SMB (ϩ/ϩ) fundus, the loss of SMB MHC in the SMB Figure 3 shows the superimposed SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) isometric force traces from KPSS stimulation with the peak force normalized to 1. No significant difference was observed in maximal stress between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) ileum, antrum, or fundus (Table 1) . Tonic force in SMB (Ϫ/Ϫ) ileum and antrum remained significantly greater than that recorded from the SMB (ϩ/ϩ) tissues ( Fig. 3 and Table 2 ). In the fundus, tonic forces from SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) animals were not significantly different. Because the time course for the contractile response varied between the SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) animals, the data were analyzed in two ways. Area under the active tonic force curve (from peak force to 10 min after peak force) was measured as well as the 10-min tonic force (steady state) to quantify the tonic component of contraction induced by KPSS. The area under the active force curve (peak force to 10 min after peak force) was significantly larger in SMB . The 10-min tonic force measurement in KPSS force was also greater in SMB (Ϫ/Ϫ) ileum and antrum compared with SMB (ϩ/ϩ) . For tonic fundus, the sustained tonic force was not significantly different between the SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) animals ( Table 2) .
Effect of PKC and ROCK inhibitors. To determine whether the PKC/CPI-17 or Rho/ROCK signaling pathways (24, 28, 47, 48, 53, 63) are involved in the increased tonic contraction in SMB (Ϫ/Ϫ) ileum and antrum, intact tissue strips were contracted with KPSS in the presence of the PKC inhibitors Gö 6976 or GF 109203X or the ROCK inhibitors Y27632 or H1152. The area under the active force curve (from peak force to 10 min after the peak force) and 10-min tonic force were measured with or without these inhibitors. Use of the PKC and ROCK inhibitors failed to alter the increased sustained tonic force induced by KPSS in SMB (Ϫ/Ϫ) ileum and antrum, suggesting that neither the PKC/CPI-17 nor the Rho/ROCK pathway is responsible for the increased tonic contraction in these SMB (Ϫ/Ϫ) tissues (Table 3) . ], and 10 min (steady state) following KPSS activation. The phosphorylation status of LC 20 was not significantly different between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) in ileum and antrum at either the 5 s, 1 min, or 10 min KPSS time points (Fig. 4) . , or during the increased tonic contraction ( served in SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) fundus at these time points (Fig. 4) .
Expression of other contractile regulatory proteins. Western blotting was carried out to quantitatively compare the expression of various contractile regulatory proteins such as MLCK, MLCP, PKC␦, PKC␣, and CPI-17 in SMB (Ϫ/Ϫ) and SMB (ϩ/ϩ) ileum, antrum, and fundus that could also be altered as a result of compensatory changes in the SMB (Ϫ/Ϫ) mice . Results (Fig. 5 ) show that for all of the SM tissues studied, the levels of the above-mentioned proteins except PKC␣ in the antrum were not significantly altered between the SMB (Ϫ/Ϫ) and SMB and SMB (Ϫ/Ϫ) tissues were very small (Table 1) and barely above zero for the antrum. In addition, they were not significantly different from each other (Table 4) . Thus the downregulation of PKC␣ in SMB (Ϫ/Ϫ) antrum appears to not be responsible for the increased tonic contraction with KPSS stimulation in SMB (Ϫ/Ϫ) animals.
Carbachol-induced steady-state (tonic phase) contractions.
Acetylcholine has been reported as the major excitatory neurotransmitter released from the enteric nervous system to cause gut motility (5, 17, 18, 43) . The maximum stress values were not different between CCh-activated SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) ileum, antrum, and fundus (Table 1) . To determine whether switching from SMB MHC expression to SMA MHC expres- sion could also result in increased tonic force via altered neurotransmitter stimulation, SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) antrum, ileum, and fundus strips were activated with 5 M CCh. Comparison between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) antrum and fundus shows that neither the area under the curve (peak force to 10 min after peak force; Fig. 7 ) nor the 10-min force (steady state) changed significantly (Table 5 ) except for the ileum. The area under the curve measurement is significantly increased while the 10-min force measurement is not in the SMB (Ϫ/Ϫ) ileum (Table 5) . Unlike KPSS stimulation, CCh activation includes spontaneous contractions of gastrointestinal smooth muscle as shown in Fig. 7 (14, 52, 62 ), which may confound the area under the curve measurement. To test this, the spontaneous contractions induced by CCh were compared between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) by comparing spike number and average amplitude from the time of peak force to 10 min after. No significant differences were observed ( Table 6) .
Measurement of rate of force transient. To estimate maximal shortening velocity (V max ), the force transient following activation was measured. Three measurements were made to estimate V max (see METHODS) . Results show that the estimates of V max for the SMB (Ϫ/Ϫ) ileum and antrum were significantly slower than the SMB (ϩ/ϩ) tissues, while there was no difference for the fundus tissue (Table 7) .
DISCUSSION
The major findings of this study indicate that the protein expression levels of SMA and SMB MHC isoforms determine the kinetics of tension development and the extent of KPSSinduced tonic and phasic components of smooth muscle contraction. The level of SMA and SMB MHC protein expression is preferential to tonic and phasic tissues, respectively, and are the predominantly expressed MHC in adult smooth muscle fundus (bottom). To compare the contraction patterns between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) smooth muscle tissues, active peak forces were normalized to 1. In both the ileum and antrum the tonic force component is significantly increased in the SMB (Ϫ/Ϫ) animals relative to the SMB (ϩ/ϩ) . Values are mean Ϯ SE. *Significant at P Ͻ 0.05. †Area under the curve was measured from peak force to 10 min after peak force. 10-min force is the 10-min tonic force normalized to peak force.
tissues. The replacement of SMB by SMA MHC and increased tonic force in phasic smooth muscle tissues of SMB (Ϫ/Ϫ) mice suggest that SMB MHC isoform is the major contributor of phasic contraction in phasic tissues like antrum and ileum.
The SMB (Ϫ/Ϫ) mice appear physically and anatomically normal. Histological analysis of SMB (Ϫ/Ϫ) ileum, antrum, and fundus smooth muscle layers reveals no gross differences relative to wild-type mice (Fig. 2) , which is consistent with previous reports (3) suggesting that the loss of SMB MHC isoform does not cause any muscle pathology or affect survival. This could be due to the compensatory upregulation of the SMA MHC isoform, which appears to maintain smooth muscle structure and function in SMB (Ϫ/Ϫ) mice.
Phasic smooth muscle tissues such as ileum and stomach antrum predominantly express the SMB MHC isoform. The loss of the SMB MHC isoform in these tissues is compensated for by the upregulation of the SMA isoform. Fundus, which primarily expresses the SMA MHC isoform (11), does not show upregulation of SMA MHC protein in the SMB (Ϫ/Ϫ) mice. Our data (Fig. 1 ) also show that the total SM myosin (SM ϩ NM) content is not altered, suggesting that loss of SMB MHC is compensated for by the upregulated SMA MHC isoform. Besides the SM MHC isoform, NM MHC may also affect the total MHC content. Further more, NM myosin has been reported to regulate tonic contraction (39, 42) . Measurement of NM MHC protein expression in the ileum shows no Values are mean Ϯ SE. *Difference determined by ANOVA to be significant at P Ͻ 0.05. †Area under the curve was measured from peak force to 10 min after peak force. and SMB (Ϫ/Ϫ) samples] after each was corrected for loading (␤-actin) Ϯ SE. *P Ͻ 0.05, difference determined by t-test to be significant; n ϭ 3 for all groups.
significant difference between the SMB (Ϫ/Ϫ) and wild-type control (Fig. 1) . Multiple studies (6, 12, 13, 15, 20, 40) have reported that the expression of NM MHC is developmentally regulated and not abundantly expressed in adult animal tissues. animals is thus unlikely to participate in any changes of smooth muscle contractile patterns in SMB (Ϫ/Ϫ) tissues. If the SMA MHC is responsible for tonic contraction, it is expected that the sustained tonic force would increase in SMB (Ϫ/Ϫ) phasic tissues where the SMB MHC isoform switches to the SMA MHC isoform. Our data show that with KPSS stimulation switching from SMB to SMA MHC significantly increases the sustained tonic force in SMB (Ϫ/Ϫ) ileum and antrum tissues (Fig. 3 and Table 2 ). Tonic fundus tissue does not show a significant change in tonic contraction as there is not a significant change in SMB MHC protein expression. These data suggest that the SMA MHC isoform is preferentially involved in tonic contraction and provide support for the hypothesis that the SMA MHC isoform is one of the major determinants of tonic contraction.
Second messenger pathway regulation of LC 20 phosphorylation has been proposed to play an important role in tonic contraction. There have been numerous studies reporting the involvement of PKC/CPI-17 and Rho/ROCK second messenger pathways in regulating tonic contraction via control of LC 20 phosphorylation (24, 28, 47-49, 53, 54, 63) . We tested this hypothesis by using PKC or ROCK inhibitors to block the PKC/CPI-17 or Rho/ROCK signaling pathways, respectively. The results show both PKC inhibitors (Gö 6976: conventional PKC inhibitor; and GF109203X: conventional and novel PKC inhibitor) and ROCK inhibitors (Y27632 and H1152) fail to eliminate the increased sustained tonic force in these tissues ( Table 3 ), suggesting that the PKC/CPI-17 and Rho/ROCK signaling pathways are not responsible for the increased tonic contraction in the SMB (Ϫ/Ϫ) animals. Consistent with this, when directly activating PKC with PDBu, tonic force generated by PDBu stimulation is not different between SMB (Ϫ/Ϫ) and SMB (ϩ/ϩ) tissues (Table 4 ). In addition, only minimal force is produced in both SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) tissues with and SMB (Ϫ/Ϫ) samples] after each was corrected for loading (␤-actin) Ϯ SE. *P Ͻ 0.05, difference determined by t-test to be significant; n ϭ 3 for all groups.
PDBu activation, which is insignificant compared with the increased KPSS tonic force in SMB (Ϫ/Ϫ) ileum and antrum. Thus changes in the PKC/CPI-17 and Rho/ROCK signaling pathways are unlikely to be the cause of the increased tonic contraction observed in SMB (Ϫ/Ϫ) ileum and antrum (Table 2 ). There are many other regulatory pathways that may also affect LC 20 phosphorylation that we did not measure. To test for these possible effects, we tested for changes in LC 20 phosphorylation of SMB (Ϫ/Ϫ) and SMB (ϩ/ϩ) ileum, antrum, and fundus at the 1-min [the most prominent point of enhanced tonic contraction in SMB (Ϫ/Ϫ) ileum and antrum] and 10-min (steady-state tonic force) time points. Phosphorylation of LC 20 is not different between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) tissues following KPSS activation, indicating that the increased tonic contraction in SMB (Ϫ/Ϫ) ileum and antrum is not a result of different levels of LC 20 phosphorylation (Fig. 4) . This suggests that changes in second messenger pathway mechanisms to alter LC 20 phosphorylation are not responsible for the tonic contraction enhancement with KPSS activation in SMB (Ϫ/Ϫ) ileum and antrum. Values are means Ϯ SE. *Significant at P Ͻ 0.05. †Area under the curve was measured from peak force to 30 min after peak force. 30-min force is the 30-min tonic force normalized to peak force. and SMB (Ϫ/Ϫ) smooth muscle tissues, active peak forces were normalized to 1. There are no significant differences between the CCh response for the SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) tissues shown except for the area under the curve for ileum (see Table 5 ). Values are means Ϯ SE; n ϭ 6 for all groups. *Significant at P Ͻ 0.05. †Area under the curve was measured from peak force to 10 min after peak force. 10-min force is the 10 min tonic force normalized to peak force.
Tonic force was also measured using agonist activation. CCh, an acetylcholine analog is a M3 receptor agonist, and the major activator of gastrointestinal smooth muscle contraction (17, 36, 43) . Our results indicate no increase in the tonic contractile component of the tissues examined with the exception of the area under the curve measurement for the ileum (Fig. 7, Table 5 ). A reason why CCh-induced contractions did not maintain tonic contractions could be that the receptors become inactivated, that G proteins turn off, or that calcium channels turn off. Thus it may be that the SMA MHC is required for enhanced tonic force, but this only occurs when the proper regulatory pathways are also invoked to bring about this maintained force generation. In addition, it has been reported that CCh activation results in spontaneous contraction of gastrointestinal smooth muscle (52, 62) , and our force trace data show spontaneous contractions caused by CCh (Fig. 7) . The presence of spontaneous contractions superimposed on a tonic contraction may interfere with tonic force maintenance even though the frequency and average amplitude of the spontaneous contractions between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) ileum and antrum were not found to be significantly different (Table 6 ). It is possible that unloading stress at the cross bridges during a tonic contraction (via the superimposed spontaneous contractions) allows cross bridges to dissociate and therefore reduces tonic force maintenance. As reported, the loss of SMB MHC isoform in the SMB (Ϫ/Ϫ) tissues also results in downregulation of PKC␣ in the antrum and upregulation of SMA MHC in the antrum and ileum. While similar changes in expression could also happen for other proteins, we did not find this to be the case for any of the other proteins we measured (MLCK, MLCP, PKC␦, and CPI-17; Fig. 5 ). PKC␣ downregulation in SMB (Ϫ/Ϫ) antrum is inconsistent with the study from Hypolite et al. (27) reporting PKC␣ protein expression is upregulated in detrusor smooth muscle. The difference may be tissue specific regulation of PKC␣ in SMB (Ϫ/Ϫ) mice. The minimal total force generated and lack of change in this force induced by PDBu between SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) suggest the change in KPSS tonic force is not due to the downregulation of PKC␣ in antrum (Tables 1 and 4) .
It has been reported that maximum stress is decreased in the SMB (Ϫ/Ϫ) bladder but increased in mesenteric vessels under (Ϫ/Ϫ) airway peak resistance in response to methacholine. We also tried to determine if there is any correlation between SMA/SMB MHC isoform expression and maximal force generation in the phasic ileum, antrum and tonic fundus. Our data show that replacing the SMB MHC with the SMA MHC isoform in the ileum, antrum, and fundus does not significantly alter the maximum stress these tissues generate when activated either by KPSS or CCh (Table 1) , suggesting that the different kinetic properties of SMA/B MHC isoforms do not affect smooth muscle maximum force production. It remains unclear why the results of these studies are not consistent regarding the relationship of SMA/SMB MHC isoform expression and maximum stress generation.
To estimate whether SMA/SMB MHC isoforms affect V max in phasic and tonic gastrointestinal tissues, we used three measurements to compare the isometric force transient (as an estimate of V max ) with either KPSS or CCh stimulation in SMB (ϩ/ϩ) and SMB (ϩ/ϩ) ileum antrum, and fundus. Our results show that the force transient is significantly slower in SMB (Ϫ/Ϫ) ileum and antrum (Table 7) . This is consistent with the results from other studies reporting a decreased V max using this SMB (Ϫ/Ϫ) mouse model (2-4, 27, 29, 30, 60) , and results that the SMB MHC isoform has a twofold greater ATPase activity than SMA and moves actin filament 2.5-fold faster than SMA in an in vitro motility assay (31, 58) . Because the shortening velocity of smooth muscle is also correlated with LC 20 phosphorylation, we also measured this. LC 20 phosphorylation induced by KPSS at 5 s following tissue activation was not different between the SMB (ϩ/ϩ) and SMB (Ϫ/Ϫ) tissues suggesting the slower force transient in SMB (Ϫ/Ϫ) ileum and antrum is not caused by lower LC 20 phosphorylation (Table 5 ). The decreased force transient appears to be a result of the slower kinetic properties of SMA MHC actomyosin ATPase and not a difference in LC 20 phosphorylation. The isometric force transient of fundus did not change, which is consistent with no detectable SMB to SMA MHC protein expression switching in this tissue. The slow vs. fast actomyosin ATPase activity of SMA/SMB MHC isoform may be important for SMA MHC to maintain force in tonic tissues. The slow kinetics of actomyosin ATPase could result in high ADP affinity and a low rate of ADP release in the presence of actin, which enables SMA MHC to remain attached to actin longer. The actin-myosin-ADP state of SMA MHC has been reported to require mechanical strain to release ADP (37) . With tonic force maintenance, the long attachment time of SMA to actin may explain the hypothesized latch cross bridge. The spontaneous contractions present with CCh activation may provide variable strain to dissociate the actin-myosin cross bridge and thus explain the lack of increased tonic force with this activation.
Interestingly, the seemingly unaltered spontaneous contractions mentioned above in SMB (Ϫ/Ϫ) ileum and antrum suggest that SMB MHC may not be required for the phasic visceral smooth muscle to produce the fast and transient rhythmic contractions which are critical for peristalsis and food digestion. The upregulated SMA MHC in the absence of SMB MHC is capable of generating these spontaneous contractions. Thus while the tonic force resulting from a CCh contraction is not enhanced in the SMB (Ϫ/Ϫ) mouse tissues, the spontaneous contractions continue to occur in the absence of the SMB MHC.
Our study based on SMB (Ϫ/Ϫ) mice shows SMB MHC expression is turned off and SMA MHC isoform expression is increased in SMB (Ϫ/Ϫ) phasic ileum and antrum tissues while there is no significant shift in the already tonic fundus tissue that expresses almost exclusively the SMA MHC isoform. The SMA MHC protein isoform cannot generate phasic force as quickly as the SMB MHC isoform resulting in a reduced rate of force generation in the ileum and antrum but is capable of generating rapid contractions like spontaneous contractions in visceral phasic smooth muscles. The increased SMA MHC expression enhances the sustained tonic contraction observed in K ϩ depolarized phasic tissues, suggesting SMA MHC isoform is involved in regulating tonic contraction. Further work is required to resolve additional factors that are at play when tissue is activated with CCh and whether other thin filament regulatory proteins and cytoskeletal remodeling mechanisms may also contribute to increased tonic contraction observed in SMB (Ϫ/Ϫ) phasic tissues.
